We review the electronic properties of graphene nanoribbons functionalized by various elements and functional groups. Graphene nanoribbons are strips of graphene, the honeycomb lattice of carbon with sp 2 hybridization. Basically nanoribbons can be classified into two categories, according to the geometry of their edge, armchair, and zigzag, which determine their electronic structure. Due to their fascinating electronic and magnetic properties many applications has been suggested for these materials. One of the major methods to use graphene nanoribbons in future applications is chemical functionalization of these materials to make an engineering on their band gap. In this review, we introduce various types of modifying graphene nanoribbons to meet their promising applications.
Introduction
After discovery of graphene [1] , it has been considered as basic material for the future nanoelectronic devices. Its unique properties, such as massless Dirac fermion behavior [2] [3] [4] , half-integer quantum Hall effect [2, 5] , and highcarrier mobility [2] make it a promising candidate for application in nanoelectronics and spintronics devices [2, [5] [6] [7] [8] [9] . Graphene nanoribbons can be constructed as strips of graphene, with quasi1D structures. So far, Nanoribbons with widths up to 2 nm have been fabricated experimentally [10] [11] [12] . Geometrically, two main types of nanoribbons with two edge shapes can be cut from a hexagonal lattice of graphene: zigzag edge and armchair edge [13] [14] [15] [16] . Different types of ribbons are specified by their edge geometry and width. The width is labeled by an integer which counts the number of carbon chains between the two edges. Figure 1 shows the two types of ribbons with their width indices. The two ribbon characteristics, that is, edge geometry and width, are the key parameters which determine the electronic properties of the ribbons [7, [17] [18] [19] .
The earliest theoretical studies of graphene nanoribbons, using a simple tight-binding method, predicted that 1/3 of the armchair nanoribbons, whose width index N satisfies N = 3M − 1 (M is an integer), are metallic [17] , and another 2/3 are semiconductor with band gaps depending on their width, while all zigzag nanoribbons are metallic, a similar behavior as carbon nanotubes (CNTs). A characteristic peak in the density of states (DOS) of zigzag nanoribbons near and slightly below Fermi energy is also predicted [16, 20] . But recently the first principle studies based on spin polarized density functional theory (DFT) revealed that all graphene nanoribbons are semiconductors at their ground state with band gaps which depend on their width and edge geometry, closing at infinite width, that is, infinite graphene [7, 21] . Meanwhile zigzag nanoribbons have localized edge states which are ferromagnetically ordered, but with opposite spin orientation at the two edges which makes them antiferromagnetically coupled. The magnetism in zigzag nanoribbon, a pure carbon system, which arises from π-orbitals of carbon localized at the edge is specially notable [22] . These properties, along with the ballistic electronic transport, and quantum Hall effect [2, 5] , cause graphene nanoribbons to be promising candidates for building blocks of future nanoelectronic and spintronic devices [1, 2, [5] [6] [7] [23] [24] [25] [26] [27] [28] [29] [30] and also chemical sensors [31] [32] [33] and electrochemical switches [34] .
In order to achieve their potential for these applications it is essential to have a better understanding of the electronic structure of graphene nanoribbons and have ability to control them. Modification of electronic structure of nanoribbons by chemical functionalization is an effective way to make them efficient for their applications [35] [36] [37] [38] [39] . Moreover, various junctions can be constructed by connecting nanoribbons of different widths and types with perfect atomic interface, and electronic device can be integrated on them by selective chemical functionalization on a single nanoribbon sheet [38, 40] . Yan et al. [41] illustrated that nanoribbon-based devices can be made with the atomic-perfect-interface junctions and with controlled doping through edge termination.
So far many theoretical studies have been done to functionalize graphene nanoribbons to manipulate their electronic properties. Here we review different ways of chemical functionalization of nanoribbons and their properties.
Functionalization of Graphene Nanoribbons
Electronic structure of graphene nanoribbons can be modified by several types of functionalization, such as functionalization by s-type, p-type, and d-type elements [38, [42] [43] [44] , or by functional groups. Modification of the edge of the ribbon, or substitution of one or more carbons of the ribbon or adsorption of one atom or a functional group are different options of functionalization which have been all investigated theoretically and some of them has been observed experimentally.
Edge Modification.
Nanoribbons intrinsically have dangling bonds at the edges whose linear combinations form some of the eigenstates near the Fermi energy, and hence determine the ribbon properties. These dangling bonds also provide active sites for chemical bonding, making the ribbons suitable for chemical modification. Since the unique properties of the ribbons are associated with their edge states, edge modification can significantly affect and control electronic and magnetic properties of the ribbons [37, 45, 46] . By functionalization of the edges with various atoms, from s-type to d-type transition metals, and by functional groups, we can obtain various electronic properties. In fact, the same ribbon can become semiconductors with wide range of band gaps, metallic, ferromagnetic (FM) and antiferromagnetic (AF) or half-metallic by appropriate chemical functionalization. Experimentally, the edge dangling bonds of the graphene sheets and ribbons can be saturated by hydrogen through specific hydrogenation procedures.
The first step in modification of nanoribbon is to saturate one of the edges by an element or functional group while the other edge is saturated by H. It was demonstrated by theoretical calculations that different functional groups at the edge of nanoribbons can significantly affect their electronic structure close to Fermi level [37] . Decoration of one edge of zigzag nanoribbons by two H atoms while the other has one H turns the antiferromagnetic nanoribbon into ferromagnetic [47] . Single-edge functionalization of zigzag ribbons leads to half-semiconductors with different band gaps for each spin and can also result in a spin-polarized half-semiconductor or in a semiconductor-metal transition [48] . Modification of one or both edges of zigzag nanoribbon with functional groups -O, -F, -OH, -NH 2 , -CH, -BH, and -B was also investigated [35, 37, 39, 45] . Figure 2 depicts schematic picture of a zigzag nanoribbon with three types of edge saturation.
In zigzag nanoribbons the atoms of one edge are ferromagnetically ordered, but the two edges are antiferromagnetically coupled, and the band structure of the two spin channels are degenerate. Applying an electric field across a zigzag ribbon results in lifting the spin degeneracy by reducing the band gap for one spin channel while widening the gap of the other spin channel [6, 7] , which makes the ribbon half-metallic [49] . In half-metals one spin channel has metallic behavior, while the other one has energy band gap. This phenomena provides a spin selective behavior for nanoribbons which is a promise for spintronics applications. It was theoretically predicted that in these nanoribbons edge oxidization can have significant effect in designing efficient and robust spintronic devices based on nanoribbons [45] . Nanoribbons with fully oxidized edges turn half-metallic at low-electric field (0.2 V/Å), while for fully or partially hydrogenated ribbons the filed intensity needed to switch the system to half metallic regime is (0.4 V/Å) [45] . Besides electric field, the degeneracy of spin channels can be broken by chemical modifications also. Modifying one edge of the nanoribbon with electron donating groups and the other edge with electron accepting groups is a sufficient way to generate large potential difference between the two edges [44] . This way the corresponding potential shift of band structure of spin up and spin down are different and the system may become half metallic. Kan et al. [44] have shown that replacing the terminating H atoms of one edge of zigzag ribbon by NO 2 groups and the other edge with CH 3 groups turns the ribbon into half-metal. Wu et al. [42] also suggested that half-metallicity can be realized in zigzag nanoribbons while one edge is modified with OH and the other edge is decorated with NO 2 or SO 2 .
Chemical modification of armchair nanoribbons is also effective to engineer their band gaps. Saturation of the edge of armchair nanoribbons by B attachment as a bridge between edge carbon atoms in the planar direction (Figure 3(b) ) results in metallic behavior of the system, while N attached at the same geometry widens the gap of the ribbon [38] . However, substitution of both edges by B or N keeps the ribbon substantially unchanged [48] , while full half-metallicity can be achieved by substitution of one edge carbon by B atoms and the other edge by N atoms [50] . Decorating the edge of armchair nanoribbons, which are nonmagnetic semiconductors, in the position of Figure 3 (b) by transition metals provides ferromagnetic or antiferromagnetic states depending on the type of the decorated atom [38] . However, edge functionalization of armchair ribbon by functional group NH 2 does not alter the electronic properties of the nanoribbon since the impurity states are located far away from the Fermi level [48] .
Substitution.
Substitution of one or more carbons of the nanoribbon by introducing impurities to the system is another effective way to control the electronic properties of the nanoribbons. Intrinsically B and N impurities play the role of p-type and n-type doping in carbon-based materials. But in nanoribbons the doping process is extremely sensitive to the dopant position and density, type and width of the ribbon [40, 51, 52] . If B(N) substitution occurs in the center of the armchair ribbons, the defect states appear close to the bottom (top) of the conduction (valance) band of the pristine ribbon, but the Fermi energy is shifted in the conduction (valance) band, resulting in a semiconductormetal transition, rather than doping [48] . However by B and N substitution at the ribbon edges, the impurity levels are always very far from the Fermi energy and the electronic properties of the ribbon are substantially unchanged [48] , while substitution of edge atoms in zigzag nanoribbons induce semiconductor-metal transition for high impurity densities, but do not give impurity levels close to the top or bottom of the gap [48] . Zheng et al. [50] have shown that zigzag nanoribbons can be either semiconducting, half metallic, or metallic by controlling the distance of the N or B impurity atoms to the edge. In these ribbons half metallicity can be achieved by substitution of one edge carbon with B atoms and the other edge with N atoms [50] . Half-metallicity can be also achieved by replacing middle zigzag chains of a zigzag nanoribbon by B-N chains (Figure 4 ) [53] . Replacing periodically the armchair chains across the zigzag nanoribbon by B-N chain will also result in half metallicity [54] .
Adsorption.
Substitution of N and B has be shown to have significant effect on the electronic structure of nanoribbons. However controlling the doping site and density is a key factor in achieving the desired properties. Adsorption of additional atoms or functional groups is another effective way to modify the electronic structure of nanoribbons. Yu et al. [55] have shown that the properties of armchair nanoribbons can be strongly modified by adsorption of N atoms at the edge. First principle calculations of B, C, and N adsorbed atoms on zigzag nanoribbons have also revealed that these adatoms convert the antiferromagnetic ribbon into ferromagnetic with high magnetic moment [46] . These adatom prefer the sites near the edge of the ribbon. On the other hand, NO 2 and NH 2 which act as strong acceptors and donors on graphene surface can modify the electronic structure of zigzag nanoribbons in the gap vicinity when adsorbed at the edge, but do not act as a dopant [48] .
However, adsorption of transition metals on armchair nanoribbons turns the nonmagnetic ribbon into a magnetic metal [56] . Depending on the width of the ribbon and type of adsorbed transition metals, armchair nanoribbon can either become a metal or a semiconductor with ferromagnetic or antiferromagnetic spin alignment. Fe or Ti adsorption makes certain armchair nanoribbons half-metallic [56] . Adsorption of Ni atom on zigzag nanoribbons was also investigated [57] .The most stable position of the adsorbed Ni is at the edge site, which reduces the magnetic moments of both Ni atom and the edge C due to hybridization of d orbitals of Ni with p orbitals of C [57] . First principle studies of adsorption of Ni n and Fe n clusters (n = 1-4) on zigzag nanoribbons shows that clusters also prefer the edge sites, and the system is more stable in antiferromagentic coupling of the zigzag edges [57] .
Zigzag nanoribbons can also become half-metallic by deposition of the ferroelectric material polyvinylidene flouride (PVDF) on them [43] . PVDFs generate the electrostatic potential on the nanoribbon because of their strong dipole moments. The dipole direction of PVDFs is changeable by an external electric field, and switching between half-metallic and insulating states in nanoribbon may be acheived [43] .
The possibility of chemical doping and related chemical sensor properties of graphene have been demonstrated experimentally. NO 2 molecule is found to be a strong acceptor in experimental observations [32] .
Conductance
Understanding the effect of chemical functionalization and edge topology on charge transport in graphene junctions is an important issue. So far various theoretical studies of the influence of edge geometry and chemical modifications on the transport properties of nanoribbons have been reported [48] . Simulations of electronic transport of realistic edge disordered armchair nanoribbons predicts that transport properties strongly depend on the geometry of the reconstructed edge profile and local defect chemical reactivity [58] .
Quantum transport calculations of B doped armchair nanoribbons by substitution of carbons with B by various doping rates indicates that depending on the energy of the charge carrier, the transport can vary from quasiballistic to a strongly localized regime, as a result of strong electron-hole asymmetry induced by chemical doping [34] . The occurrence of quasibound states related to B impurities results in mobility gaps as large as 1 eV, due to strong electronhole asymmetrical backscattering phenomena, which opens new ways to overcome current limitations of graphenebased devices through the fabrication of chemically doped graphene nanoribbons [34] .
Martins et al. [59] also show that substitutional B atoms at the ribbon edge acts as scattering centers for the electronic transport along the ribbon which breaks the symmetry of spin-up and spin-down channels. Transport of one of the spin channels is reduced more strongly, which gives rise to spin-polarized transport by suitable doping [59] .
First principle calculations show that presence of B and N impurities in armchair nanoribbons results in resonant backscattering, whose features are strongly dependent on the symmetry and the width of nanoribbon, as well as the position and dopants [51] . Energies of the quasibound states are strongly dependent on the position of the impurity with respect to the edges. When B is placed at the exact center of the ribbon the transmission at the first plateau is insensitive to the presence of the impurity, while B impurity at the edge reduces the conductance due to the quasibound states induced by the impurity [51] .
Ab-initio calculations of conductance in armchair nanoribbons with joint attachment of OH/H and phenyl groups on their surface also shows that transport properties depend on the adsorption sites [60] . If OH bond is located at the ribbon edge, conductance is not affected. The same result is obtained for NH 2 adsorption at the edge of armchair ribbons [48] . But when the OH bond is shifted out of the edge, the conductance is typically disturbed, and a rapid decay in conductance is obtained by increasing the defect density [60] . Dependence of Conductance on the defect site and its distance from the edge was also reported by [61] .
Conductance measurements of nanoribbons has been also experimentally afforded [62] . All these studies opens the way to manipulate graphene nanoribbon-based devices and development of new applications based on functionalized nanoribbons.
Summary and Perspectives
Graphene nanoribbon has a great potential to be used in the future electronic applications. Working on desirable properties by modifying nanoribbons by appropriate elements or functional groups helps us find the suitable form of graphene nanoribbon for each application. Modification with various types of elements and functional groups can give us a variety of properties, such as semiconducting with a wide range of band gap, metallic, ferromagnetic, antiferromagnetic, half-metallic, half-semiconducting, all obtained from the same nanoribbon. Modification of the edge or using an adsorbate or substitution of carbons of the nanoribbon with an appropriate host are different options to meet the desired property from the nanoribbon. Applicability of each option would be proven by experiments.
